Background {#Sec1}
==========

Non-small cell lung cancer (NSCLC) is the leading cause of tumor-related death worldwide \[[@CR1], [@CR2]\]. Accounting for approximately 85% of lung cancer cases, NSCLC mainly consists of adenocarcinoma, large cell carcinoma and squamous cell carcinoma \[[@CR3]\]. Considerable progress has been reported in diagnostic and therapeutic methods, but the five-year survival rate still remains poor in NSCLC patients because of the high rate of metastasis \[[@CR4], [@CR5]\]. Therefore, it is essential to elucidate the mechanisms underlying tumor metastasis to help develop effective therapies for NSCLC patients.

Tumor metastasis is defined as the detachment of malignant cells from the primary tumor and their invasion of new tissues with the formation of a new lesion formation \[[@CR6]\]. Epithelial--mesenchymal transition (EMT), as reflected by the downregulation of E-cadherin and upregulation of N-cadherin, vimentin and Slug \[[@CR7], [@CR8]\], is a phenotypic conversion that occurs in cancer cells and is involved in promoting their invasive potential \[[@CR9], [@CR10]\]. There have been notable breakthroughs in identifying some of the biomarkers targeting key effectors of EMT occurring in the context of carcinogenesis \[[@CR8], [@CR11]\]. Of note, rhomboid domain containing 1 (RHBDD1) is a mammalian member of rhomboid family proteins as highly conserved intramembrane serine protease \[[@CR12]\].

Emerging evidence indicates that silencing RHBDD1 suppresses cell growth and proliferation in hepatocellular carcinoma \[[@CR13]\], glioblastoma \[[@CR14]\] and colorectal cancer \[[@CR15]\]. In breast cancer \[[@CR16], [@CR17]\] and colorectal cancer cells \[[@CR18]\], RHBDD1 has been shown to promote migration, invasion and EMT. However, there are few reports on the impact of RHBDD1 on the EMT of NSCLC cells and the associated mechanisms.

Silibinin, which is a natural extract from the fruit and seeds of milk thistle plants, is the most effective flavonoid against hepatic disease, with a wide range of pharmacological activities, including antioxidant, antineoplastic and detoxification effects, and it helps maintain the stability of liver cell membranes \[[@CR19], [@CR20]\]. Interestingly, it has been established that silibinin exerts pro-apoptotic effects in breast cancer \[[@CR21]\] and renal cell carcinoma \[[@CR22]\]. In addition, silibinin can attenuate TGF-β1-induced migration and invasion ability by inhibiting EMT in bladder transitional cell carcinoma \[[@CR23]\]. Wu et al. also demonstrated that silibinin decreases bladder cancer metastasis by inhibiting EMT and stemness \[[@CR24]\]. Here, we hypothesize that silibinin might inhibit NSCLC cell migration, invasion and EMT and that its inhibitory effects might be associated with RHBDD1 regulation.

To validate our hypothesis, we first analyzed the expression of RHBDD1 using the Oncomine database and immunohistochemistry (IHC). In addition, we assessed the clinical significance of RHBDD1 in lung cancer patients. In vitro experiments enabled further exploration of silibinin's effects on NSCLC cell migration, invasion and EMT through modulation of RHBDD1.

Materials and methods {#Sec2}
=====================

Online database analysis {#Sec3}
------------------------

The online microarray database Oncomine ([www.onocomine.org](http://www.onocomine.org)) was searched to compare the expression levels of RHBDD1 between lung cancer and normal tissues. Briefly, the input was Gene Name: RHBDD1, Data Type: mRNA, and Analysis Type: Cancer vs. Normal Analysis. Four datasets, including Garber Lung \[[@CR25]\], Hou Lung \[[@CR26]\], Okayama Lung \[[@CR27]\] and Selamat Lung \[[@CR28]\] were screened to extract the expression of RHBDD1 mRNA for each specimen. The extracted log-transformed and normalized expression values of RHBDD1 were further analyzed using GraphPad Prism 6 software.

Kaplan-Meier overall survival analysis {#Sec4}
--------------------------------------

The Kaplan-Meier Plotter database (<http://kmplot.com/analysis/>), which integrates gene expression and clinical data, was used to study the correlation between RHBDD1 expression and overall survival in lung cancer. We focused our analysis on patient overall survival information and compared the survival rate for groups with higher and lower RHBDD1 expression levels using a Kaplan-Meier survival plot. We further calculated the hazard ratio with 95% confidence intervals and log rank *p* value.

Patients and specimens {#Sec5}
----------------------

We obtained formalin-fixed, paraffin-embedded (FFPE) cancerous and paired adjacent normal tissues from 56 NSCLC patients who had undergone curative surgery between January 2012 and December 2016 at the Central China Fuwai Hospital of Zhengzhou University. Some basic patient information is summarized in Table [1](#Tab1){ref-type="table"}. None of the patients had received radiotherapy, chemotherapy or immunotherapy prior to surgery. All signed written informed consent. The tumor stage was determined following the criteria provided in the tumor node metastasis (TNM) staging classification system of the American Joint Committee on Cancer, 8th Edition \[[@CR29]\]. In accordance with Declaration of Helsinki, this study obtained approval from the Medical Ethics Committee of the Central China Fuwai Hospital of Zhengzhou University. Table 1Association of RHBDD1 expression with clinicopathologic parameters of NSCLC patientsClinical pathologic parametersTotal (*n* = 56)Expression of RHBDD1*p*-valueHigh (*n* = 35)Low (*n* = 21)(chi-square test)**Sex**0.0937 Male372611 Female19910**Age**0.5343 \< 6027189 ≥ 60291712**Tumor size (cm)**0.2035 \< 422166 ≥ 4341915**TNM stage0.0008** I + II351619 III + IV21192**Lymph node metastasis0.0006** Yes37298 No19613Note: The bold values indicates the *P* values which are less than 0.05Abbreviations: *NSCLC* Non-small cell lung cancer, *TNM* Tumor-node-metastasis classification system

IHC assay {#Sec6}
---------

An IHC assay was conducted to evaluate the expression of RHBDD1 in FFPE NSCLC tissues and matched adjacent tissues using a previously described standard streptavidin--biotin--peroxidase complex method \[[@CR30]\]. The samples were cut into 4-μm thick sections, which were deparaffinized in xylene and rehydrated in graded alcohol. Then, they were immersed in 10 mM citrate buffer (pH = 6.0) at 95 °C for 15 min in a microwave oven for antigen retrieval, followed by endogenous peroxidase blocking with 3% hydrogen peroxide for 10 min. Incubation with the primary antibody against RHBDD1 was performed at 4 °C overnight. The sections were rinsed with phosphate-buffered saline (PBS) and incubated with HRP-conjugated secondary antibody at 37 °C for 30 min. After DAB staining and hematoxylin staining, two pathologists independently calculated the IHC staining score of each sample in a blinded manner based on the proportion of the positive-staining cells \[[@CR31]\]. The staining intensity scale was scored: 0 (no staining), 1 (weak staining), 2 (moderate staining) or 3 (strong staining). The percentage of stained tumor cells was scored: 1 (1--25%), 2 (26--50%), 3 (51--75%) or 4 (76--100%). The NSCLC samples could then be classified into high RHBDD1 (score ≥ 6) and low RHBDD1 (\< 6) groups with the optimal cutoff value being an IHC score of 6 \[[@CR32]\].

Cell culture and treatment {#Sec7}
--------------------------

Human NSCLC cell line A549 was purchased from the Chinese Academy of Sciences and grown in RPMI-1640 medium with 10% fetal bovine serum (FBS; Gibco) containing 5% CO~2~ at 37 °C. The cultures were incubated with DMSO (0.1%) and 10, 20 and 40 μM of silibinin (S0417; Sigma-Aldrich) for 24 h.

Cell transfection {#Sec8}
-----------------

The small interfering RNA targeting RHBDD1 (si-RHBDD1: 5′-CATGCAGACATCTGCATGACTCGAGTTGT-3′) and negative control (si-NC: 5′-UAUGAUGUGGAUUUUCCUCUU-3′) were synthesized by RiboBio. The full-length RHBDD1 cDNA was sequentially amplified with primers (forward: 5′-ATCTGGCTGGGATTCTTGTTG-3′ and reverse: 5′-GGCTGGCTTGTAATGCTCTC-3′) and ligated into the pcDNA3.1 vector to generate RHBDD1 overexpression plasmid by Shanghai GenePharma. When the A549 cell confluence reached about 80%, si-RHBDD1 or si-NC was transfected into the cells. For the rescue experiments, RHBDD1 overexpression plasmid or NC was transfected into the A549 cells, followed by treatment with 40 μM silibinin. All transfections were conducted for 48 h with Lipofectamine 3000 reagent (Invitrogen).

CCK-8 assay {#Sec9}
-----------

Briefly, A549 cells were seeded in a 96-well plate (3000 cells/well) and cultured overnight. At 24, 48 or 72 h, the cells in each well were incubated with 10 μl CCK-8 solution (Dojindo) for 2 h at 37 °C. Using a Microplate Reader (Bio-RadA), we measured the absorbance at a wavelength of 450 nm. Each experiment was performed at least three times.

Cell migration and invasion assay {#Sec10}
---------------------------------

We used Corning Costar Transwell chambers with 8 μm pores and coated with Matrigel (BD Biosciences) to assess the cell migration ability; or uncoated to assess the invasion ability. Briefly, A549 cells from different groups suspended in serum-free medium were plated into the upper chamber and 500 μl of medium containing 10% FBS was added into the lower chamber. After 24 h incubation, migrated or invasive cells in the lower chamber were fixed for 30 min with 4% paraformaldehyde and stained for 15 min with 0.1% crystal violet at room temperature. Subsequently, stained cells were counted under a light microscope (magnification, × 200). Each experiment was performed at least three times.

Western blotting {#Sec11}
----------------

Extraction of total protein was performed with RIPA buffer containing protease inhibitor cocktail (Sigma-Aldrich) and the concentration was determined using a BCA protein assay kit (Sigma-Aldrich). Protein samples (30 μg) were separated via 10% SDS-PAGE and then transferred onto PVDF membranes. After blocking with 5% non-fat milk in 1x TBST at 4 °C for 1 h, the membranes were incubated with primary antibodies against RHBDD1, E-cadherin, N-cadherin, vimentin and GAPDH overnight at 4 °C, followed by incubation with HRP-conjugated secondary antibodies at room temperature for 2 h. Protein bands were visualized using an enhanced chemiluminescence detection kit (Sigma-Aldrich) according to the manufacturer's protocols.

Statistical analysis {#Sec12}
--------------------

All experiments were performed in triplicate. Statistical analyses were performed using GraphPad Prism 6.0 software. Results are expressed as means ± standard deviation (SD). The correlation of RHBDD1 expression and clinicopathological parameters was evaluated using Chi-squared test. Difference comparison between two groups was done with Student's t test and among multiple groups with one-way analysis of variance followed by Tukey's post hoc analysis. *p* \< 0.05 was considered statistically significant.

Results {#Sec13}
=======

Elevated RHBDD1 correlates with lower survival rates in lung cancer {#Sec14}
-------------------------------------------------------------------

Our bioinformatics investigation used the Garber Lung, Hou Lung, Okayama Lung and Selamat Lung datasets. We showed that the expression of RHDD1 is significantly higher in lung cancers, including squamous cell lung carcinoma, lung adenocarcinoma and large cell lung carcinoma, than in corresponding normal lung tissues (Fig. [1](#Fig1){ref-type="fig"}a). Using the Kaplan-Meier plotter online software based on a public database, we determined that the overall survival of lung cancer patients with low expression of RHBDD1 iss better than that for patients with high expression (Fig. [1](#Fig1){ref-type="fig"}b; HR = 1.22, 95% CI = 1.03--1.43, *p* \< 0.01). Fig. 1RHBDD1 is overexpressed in lung cancer tissues and this correlates with a poor survival rate. **a** RHBDD1 gene analysis based on the Garber Lung, Hou Lung, Okayama Lung and Selamat Lung datasets from the Oncomine database. **b** The RHBDD1 gene in lung cancer. Kaplan-Meier plots showing overall survival in lung cancer. In red: patients with RHBDD1 expressions above the median. In black: patients with expressions below the median. The corresponding *p*-value is listed. HR: hazard ratio; CI: confidence interval; *p* value: log-rank test

Elevated RHBDD1 is associated with TNM stage and metastasis in NSCLC patients {#Sec15}
-----------------------------------------------------------------------------

To confirm the results of the bioinformatic analysis, we performed IHC staining to determine RHBDD1 expression in samples from 56 NSCLC patients. Representative photomicrographs of different degrees of RHBDD1 expression intensity are shown in Fig. [2](#Fig2){ref-type="fig"}a. Statistical analyses (Fig. [2](#Fig2){ref-type="fig"}b) showed weaker staining of RHBDD1 protein in paraffin-embedded NSCLC tissues than in adjacent normal tissues. However, significantly elevated moderate and strong staining of RHBDD1 protein was observed in NSCLC tissues compared with adjacent normal tissues. Fig. 2RHBDD1 is highly expressed in NSCLC tissues. **a** Representative images of different degrees of RHBDD1 immunohistochemistry staining in NSCLC and adjacent tissues (−+, weak staining, + moderate staining, ++ strong staining). **b** A significantly higher percentage of NSCLC tissues than adjacent normal tissues showed high RHBDD1 expression

Based on the IHC score of RHBDD1 staining, all the NSCLC patients were divided into high (*n* = 35) and low (*n* = 21) RHBDD1 expression groups. We then analyzed the correlation between the expression of RHBDD1 and the clinicopathological parameters of NSCLC using Chi-squared test. RHBDD1 expression levels significantly correlate with TNM stage (*p* = 0.0008) and lymph node metastasis (*p* = 0.0006). These observations indicate that high RHBDD1 expression might have value as a prognostic factor for NSCLC.

RHBDD1 is downregulated after silibinin treatment, inhibiting NSCLC cell proliferation, migration and invasion {#Sec16}
--------------------------------------------------------------------------------------------------------------

To explore whether silibinin exerts anti-tumor effects against NSCLC cells, different dosages (10, 20 and 40 μM) were used to treat A549 cells. The CCK-8 assay results show that silibinin significantly decreases cell proliferation in a dose-dependent manner (Fig. [3](#Fig3){ref-type="fig"}a). The Transwell migration assay results show that a marked decrease in the number of migrated cells, from 187.0 ± 8.5 in DMSO group to 144.0 ± 8.5, 114.7 ± 5.5 or 52.7 ± 9.1 after treatment with 10, 20 or 40 μM of silibinin, respectively (Fig. [3](#Fig3){ref-type="fig"}b). Similarly, silibinin markedly decreased invasive cell numbers in a dose-dependent manner (Fig. [3](#Fig3){ref-type="fig"}b). Fig. 3The effects of silibinin on NSCLC cell behaviors and the expressions of RHBDD1 and EMT markers. A549 cells were treated with silibinin (10, 20 and 40 μM) or vehicle (DMSO) for 24 h. **a** Cell proliferation was analyzed using the CCK-8 assay. **b** Transwell migration and invasion assays were performed in A549 cells. **c** The protein expressions of RHBDD1, E-cadherin, N-cadherin and vimentin were determined using western blotting. Data are expressed as means ± standard deviation (SD). \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, compared with DMSO control

Western blotting showed that silibinin significantly downregulated the expression of RHBDD1, implying a negative correlation between them. The same inhibition was observed in EMT markers, as reflected by upregulated E-cadherin and downregulated N-cadherin and vimentin in A549 cells (Fig. [3](#Fig3){ref-type="fig"}c). These findings imply that RHBDD1 might play an important role in NSCLC cell behaviors.

Knockdown of RHBDD1 suppresses NSCLC cell proliferation, migration and invasion {#Sec17}
-------------------------------------------------------------------------------

Since RHBDD1 was overexpressed in NSCLC tissues, we then performed a loss-of-function assay by transfecting si-RHBDD1 into A549 cells to investigate the functional role of RHBDD1. si-RHBDD1 transfection significantly suppressed cell proliferation compared with si-NC transfection (Fig. [4](#Fig4){ref-type="fig"}a). Consistent with silibinin, RHBDD1 knockdown obviously inhibited the migration and invasion ability of A549 cells (Fig. [4](#Fig4){ref-type="fig"}b). Furthermore, we observed that the expressions of RHBDD1, N-cadherin and vimentin were downregulated, while E-cadherin was upregulated in A549 cells following si-RHBDD1 transfection. Fig. 4Knockdown of RHBDD1 suppresses NSCLC cell proliferation, migration and invasion. A549 cells were transfected with si-RHBDD1 or si-NC for 48 h. **a** Cell proliferation was analyzed using the CCK-8 assay. **b** Transwell migration and invasion assays were performed in A549 cells. **c** The protein expressions of RHBDD1, E-cadherin, N-cadherin and vimentin were determined using western blotting. Data are expressed as means ± standard deviation (SD). \*\**p* \< 0.01, \*\*\**p* \< 0.001, compared with si-NC

Silibinin attenuates NSCLC cell proliferation, migration and invasion by restraining RHBDD1 {#Sec18}
-------------------------------------------------------------------------------------------

To further investigate whether RHBDD1 is a downstream regulator involved in silibinin mediation of cell proliferation, migration and invasion, RHBDD1 overexpression plasmid, si-RHBDD1 and the NC were transfected into A549 cells, followed by treatment with 40 μM silibinin. We discovered that the inhibitory activity of silibinin on cell proliferation (Fig. [5](#Fig5){ref-type="fig"}a), migration and invasion (Fig. [5](#Fig5){ref-type="fig"}b) is reversed by RHBDD1 overexpression, but significantly enhanced by RHBDD1 knockdown. Additionally, the expressions of RHBDD1, E-cadherin, N-cadherin and vimentin in silibinin-treated A549 cells is evidently abolished by RHBDD1 overexpression, but promoted by RHBDD1 knockdown (Fig. [5](#Fig5){ref-type="fig"}c). These findings collectively demonstrate that silibinin exhibits the anti-tumor activity by restraining RHBDD1 expression in A549 cells. Fig. 5Silibinin affects NSCLC cell proliferation, migration and invasion by regulating RHBDD1. RHBDD1 overexpression plasmid, si-RHBDD1 and the relevant negative control (NC) were transfected into A549 cells, followed by treatment with 40 μM silibinin. **a** Cell proliferation was analyzed using the CCK-8 assay. **b** Transwell migration and invasion assays were performed in A549 cells. **c** The protein expressions of RHBDD1, E-cadherin, N-cadherin and vimentin were determined using western blotting. Data are expressed as means ± standard deviation (SD). \*\**p* \< 0.01, \*\*\**p* \< 0.001, compared with silibinin + NC

Discussion {#Sec19}
==========

Several publications have demonstrated that silibinin exhibits anti-tumor activity, e.g., in gastric cancer by enhancing paclitaxel toxicity \[[@CR33]\] in glioblastoma by inducing apoptosis \[[@CR34]\], and in ovarian cancer \[[@CR35]\]. Here, we found that silibinin significantly restrains NSCLC cell proliferation, migration, invasion and EMT. We also observed that RHBDD1 expression decreases in silibinin-treated A549 cells and that silibinin hinders A549 cell proliferation, migration, invasion and EMT, possibly by downregulating RHBDD1.

Consistent with our data, silibinin significantly inhibits the growth of lung cancer cells \[[@CR36]\]. Hou et al. also showed that silibinin could restrain NSCLC cell migration in an EGFR/LOX-dependent manner \[[@CR37]\]. We showed that silibinin treatment upregulated E-cadherin while downregulating N-cadherin and vimentin. Supporting these results, Raina et al. \[[@CR38]\] reported that silibinin inhibits cell migration and invasion in human prostate cancer by upregulating E-cadherin. Deep et al. \[[@CR39]\] explained that silibinin treatment suppresses signaling molecules related to EMT (E-cadherin and β-catenin) and cell survival (survivin and Akt) in PC-3 cells.

EMT is one of the most well-established theories for cancer cell metastasis. Targeting EMT has yielded notable results in basic research and clinical trials \[[@CR40], [@CR41]\]. E-cadherin, well-known for regulating cell-to-cell contact, cell shape and polarity, has been reported to be upregulated in states of decreased tumor metastasis \[[@CR41], [@CR42]\]. The anti-migratory and anti-invasive efficacy of silibinin also correlates with EMT suppression in prostate cancer \[[@CR42], [@CR43]\].

RHBDD1 is an important and newly identified member of the Rhomboid family, with abnormal overexpression in various cancers \[[@CR18], [@CR44]\]. Two important studies demonstrated that RHBDD1 acts as an oncogene in breast cancer cells via promotion of cell migration, invasion and EMT \[[@CR16], [@CR45]\]. Zhao et al. \[[@CR17]\] corroborated that downregulation of RHBDD1 by miR-138-5p inhibits cell migration, invasion and EMT in breast cancer, indicating a novel oncogenic role in breast cancer cells.

Here, using bioinformatics analysis and related clinical sample detection, we confirmed RHBDD1 overexpression in lung cancer tissues and showed its association with poor survival rate in lung cancer patients. In addition, we discovered that RHBDD1 expression is restrained in silibinin-treated A549 cells, indicating that RHBDD1 might play a vital role in the development of NSCLC. To further confirm the hypothesis, we performed rescue experiments and found that RHBDD1 overexpression reverses the inhibitory effects of silibinin on cell proliferation, migration, invasion and EMT in A549 cells. Moreover, knockdown of RHBDD1 enhanced the inhibitory effects of silibinin on cell proliferation, migration, invasion and EMT in A549 cells.

Conclusion {#Sec20}
==========

Our findings show that silibinin can inhibit EMT in NSCLC cells through downregulation of RHBDD1, thereby restraining their proliferation, migration and invasion. We also propose a new molecular mechanism for silibinin that could prove useful in NSCLC therapy. The identification of RHBDD1 as a novel therapeutic candidate might provide a basis for further clinical research on silibinin.
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